Understanding the control mechanisms of fumigant movement in soil is a fundamental step for developing management strategies to reduce atmospheric emissions. Most soil fumigants including chloropicrin (CP) are applied by shank injection, and the application process often leaves vertical soil fractures that would potentially cause preferential fumigant movement and increased emissions. Th is potential transport pathway was evaluated by comparing cumulative emissions and soil air concentrations of CP from direct fi eld measurements with those predicted using analytical and numerical models after assuming either point or rectangle sources for the injected CP. Results clearly showed that shank-injected CP, when treated as vertical rectangle sources, produced cumulative emission losses similar to the fi eld measurements. Treating the shanked CP as point sources caused approximately 50% underprediction than the fi eld measurements. Th e study also demonstrated that fumigant cumulative emissions can be predicted, with reasonable accuracy, using either analytical or numerical simulations.
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Chloropicrin Emissions after Shank Injection: Two-Dimensional Analytical and Numerical Model Simulations of Diff erent Source Methods and Field Measurements
D. Wang,* S. R. Yates, and S. Gao C hloropicrin (trichloronitromethane, CP) is commonly used as a component of commercial soil fumigants to enhance effi cacy against soil-borne plant pathogens. Due to its strong lacrimatory properties, CP is also used as a warning agent to prevent exposure to colorless and odorless compounds such as methyl bromide (MeBr) . Because of the phaseout of MeBr in the United States and other industrialized countries, demands for CP and other chemical alternatives are on the rise, at least in the short term, before integrated pest control strategies can be developed and deployed in commercial farming operations. Extensive eff orts have been made to test the eff ectiveness of CP against a broad spectrum of soil pests ranging from fungal pathogens (Chellemi et al., 1994; Gullino et al., 2002; Louws et al., 2004) to nematodes (McKenry et al., 1998; Noling et al., 2001; Desaeger et al., 2004) , weeds (Fennimore et al., 2003; Gilreath and Santos, 2005; Hanson and Shrestha, 2006) , and insects (Moldenke and Th ies, 1996) . Although CP is not considered an ozone-deleting substance, research by Carter et al. (1997) and others showed that in the troposphere, CP enhanced NO oxidation and the formation of ground-level ozone. Because of their volatile and reactive nature, nearly all soil fumigants, including CP, are classifi ed as toxic air contaminants (CDPR, 2010) and are strictly regulated to minimize human exposure risks (USEPA, 2009) and total volatile organic compound (VOC) emissions (CDPR, 2009) .
Field and laboratory experiments have also been conducted to evaluate techniques to reduce atmospheric emissions of CP after soil application (Gan et al., 2000; Wang et al., 2005; Gao and Trout, 2007; Gao et al., 2008) . Although drip application of CP is becoming available, in most commercial soil fumigation operations, CP is coapplied with MeBr or 1,3-dichloropropene (1,3-D, also known as Telone) by shank injection. It has been recognized that applying soil fumigants using shank knives creates vertical soil fractures behind each shank pass, which could potentially cause preferential fumigant emissions (Yates et al., 1997) . Soil fracturing is diffi cult to characterize in fi eld experiments because there are no other commercial means of applying concentrated CP to compare with the shank method. Furthermore, immediately following passage of the shanks, a second tractor pulling a disc and ring roller is used to disrupt the shank traces and compact the soil. Th is application process would likely leave the shank fractures intact for depths below approximately 10 cm from the soil surface. Th e intact shank fractures could cause the fumigant gases to move quickly or preferentially, within the fractures, from the point of injection (25-to 66-cm depth) to the bottom of the compacted surface layer. Gas diff usion and dispersion would continue to transport the fumigant gases upward within the surface layer, reaching the soil surface and lost to atmospheric emissions. Little information exists concerning shank traces and eff ects on fumigant transport. Th e direct eff ect of subsurface shank fractures on fumigant emissions could not be determined by simply measuring and comparing the emission or gas exit rates directly above a shank pass or between shank passes because diff usion in the surface layer would include both vertical and lateral gas movement.
Simulation models have long been recognized as valuable tools for estimating the environmental fate and transport of volatile pesticides, including atmospheric volatilization (Jury et al., 1983; Wagenet et al., 1989) . Atmospheric emissions of 1,3-D were simulated with a numerical pesticide model, LEACHM, using both gas diff usion and convective gas transport (Chen et al., 1995) . In a diff erent modeling study, the USEPA-certifi ed one-dimensional numerical pesticide model, PRZM-3 (Carsel et al., 1995) , was used to simulate 1,3-D emissions (Cryer et al., 2003) . A two-dimensional fi nite element model, CHAIN_2D (Simunek and van Genuchten, 1994) , was also parameterized to predict 1,3-D emissions (Wang et al., 2000; Cryer and van Wesenbeeck, 2010) , with the latter empirically accounting for the shank trace as disturbed soil whose porosity had been altered above the surrounding undisturbed soil. Th is two-dimensional numerical model is capable of simultaneously solving the water, heat, and solute transport equations in the soil. More recently, analytical solutions were developed for predicting fumigant emissions under diff erent surface boundary and initial conditions by simulating the shanks as either point or rectangle sources (Yates, 2009) . Analytical solutions are useful because in some cases, simple algebraic expressions can be derived for computing fumigant emissions, whereas numeric simulations rely on iterative computational procedures that may be slow to run and sometimes subject to numerical errors and stability issues.
Th e objective of this study was to evaluate transport and volatilization mechanisms of shank-injected CP by comparing analytical and numerical model predictions under diff erent surface boundary and initial conditions (point and rectangle sources) with fi eld measurements. Th is research was motivated in part by a presentation for the Managing Agricultural Emissions Symposium at the 2009 American Chemical Society Annual Meeting and subsequent discussions of lack of understanding on the role of shank fractures in fumigant emissions.
Materials and Methods

Field Emission and Soil Property Measurements
Th e fumigation experiment used for model comparison was conducted in 2005 in the San Joaquin Valley of California (Gao et al., 2008) , a major agricultural region with signifi cant land acreage fumigated each year. Th e soil is a Hanford sandy loam (coarseloamy, mixed, superactive, nonacid, thermic Typic Xerorthents). Telone C35 (61% 1,3-D and 35% CP a.i.) was applied at 746 kg ha −1 (or 261 kg ha −1 CP) to a 45-cm depth (18 inch) from the surface in a commercial orchard replant. Immediately after fumigant injection, soil surface was disced and compacted with a ring roller. Th ree surface treatments in the experiment, including bare soil, soil covered with a high-density polyethylene (HDPE, Tyco Plastics, Princeton, NJ) fi lm, and soil covered with a virtually impermeable fi lm (VIF, Bromostop, Bruno Rimini Corp., London, UK), were used for model comparisons. Fumigant emissions were measured using fl ux chambers and soil air concentrations measured with stainless steel gas probes (Gao et al., 2008) . During the experiment, the soil water content was 0.02 cm 3 cm −3 near the surface and 0.10 cm 3 cm −3 at deeper depths. Average daily maximum air temperature was 20°C, and minimum ambient air temperature ranged from 3 to 12°C.
To determine soil hydraulic parameters for model simulation, soil core samples were collected from three fi eld sites located within 1 km of the 2005 fumigation fi eld. Soils from these sites belong to the same soil series as in the fumigated fi eld. At each site, an open pit was excavated to a maximum depth of 2.25 m or to the depth of a hard pan. Replicated cores were collected from each pit at 10-to 30-cm increments. A constant head permeameter apparatus, modifi ed from Klute and Dirksen (1986) , was used to measure saturated hydraulic conductivity of these soil cores. A selected subset of the soil samples were tested at the University of California ANR Analytical Laboratory at Davis, CA, for chemical and water retention analysis. Water retention parameters (curves) were determined by fi rst measuring soil water content at 10, 30, 100, and 1500 kPa and then fi tting the data to the retention function of van Genuchten (1980) . Th e soil properties showed a strong layering eff ect at approximately 20-cm depth. Th erefore, the measured hydraulic conductivity and water retention data were averaged into two groups representing the 0-to 20-cm layer (thereafter termed material 1 or M1) and the layer below 20 cm (termed M2 thereafter) ( Table 1) .
Model Description and Parameterization
Similar to water evaporation, fumigant emission from the soil surface to the atmosphere is a boundary process that occurs in the vapor or gaseous phase. Because in most cases, a fumigant chemical is applied in soil below the surface, the rate of emission is described by a subsurface continuity equation, i.e., the total fl ux (liquid and gas by diff usion and convection) from below and moving toward the soil surface equals the fl ux leaving the soil surface and entering the atmosphere:
where F is emission fl ux density (g cm
), D T is total (gas and liquid) eff ective diff usion coeffi cient (
), z is depth (cm), q is convective water fl ux (cm d −1 ), h is mass transfer coeffi cient (cm d −1 ), and C g and C atm are fumigant gas concentrations at and above the soil surface (g cm −3 ), respectively. At the soil-air interface, a thin stagnant air layer is often assumed, and fumigant passes through this layer by gas diff usion. For bare soil surfaces, the thickness of this thin layer is commonly assumed to be 5 mm (Jury et al., 1983) . Th e mass transfer coeffi cient, h (Eq. [1]), can be calculated as the rate of gas diff usion in pure air for a given chemical (CP in this case, 6672 cm 2 d −1
) over the thickness of this layer. For soil surfaces covered with a layer of plastic fi lm, the permeability of the fi lm becomes the controlling factor, and the mass transfer coeffi cient, h, can be measured using laboratory procedures. To compare with the fi eld experiment, the mass transfer coeffi cient (h) for CP was found to be 48 cm d −1 for HDPE and 9.6 cm d −1 for VIF (Papiernik and Yates, 2002) . Papiernik et al. (2010) provides a compilation of mass transfer coeffi cients for CP for a variety of fi lms.
Th e two-dimensional convective-dispersive equation for describing fumigant movement in soil can be written as follows (Simunek and van Genuchten, 1994) :
where C L , C S , and C g are fumigant concentrations for the liquid, solid, and gaseous phases, respectively; μ w and μ s are fi rst-order rate constants for fumigant in the liquid and solid phases, respectively; θ is the volumetric water content, ρ is the soil bulk density, a s is the soil air content, S r is the sink term in the water fl ow, C r is the fumigant concentration in the sink term, w ij D is the dispersion coeffi cient tensor for the liquid phase, and g ij D is the diff usion coeffi cient tensor for the gas phase; t is time, x is distance, and indices i and j represent the horizontal and vertical directions, respectively. Degradation of CP in soil has been found to follow the fi rst-order kinetics, and the half-life of CP is relatively short, ranging from 0.2 to 6.3 d (Dungan and Yates, 2003; Zhang et al., 2005; Qin et al., 2009) . For model comparison with the fi eld experiment, an average half-life of 3 d was used for both liquid and solid phases. Th e dimensionless Henry's law constant (K h 
where p represents the parameters μ w , μ s , K h , or
Tr is the value of p at a reference temperature T r (20°C or 293 K), T is soil temperature (K), R is universal gas constant (8.314 J mol −1 K −1 ), and p a E is activation energy (J mol −1 ) for each of these parameters.
Shank-injected fumigants such as CP in soil can be considered as an instantaneous point or rectangle source in the two-dimensional simulation domain. For a point source, it can be described as
where C o is the initial concentration of the fumigant (g cm −3 ), δ is a delta function, and x i and z i describe the coordinate (cm) for fumigant injection (x i = half the distance between shanks; z i = 45 cm for the fi eld experiment). For a rectangle source, it can be described as
where x i -x j is the width of the rectangle (or width of the soil fracture created by a shank knife, assuming 3 cm for the fi eld experiment), u is a unit step function with the property that u(ζ i -ζ j ) = 1 when ζ i ≤ ζ ≤ ζ j , and z m -z n is the height of the rectangle (or the length of remaining intact soil fracture after 9.6 † NA = not applicable because water fl ow is not simulated in the analytical solution and therefore no need for the water retention parameters or hydraulic conductivity. ‡ M1 represents material one or layer one for the 0-to 20-cm depth; M2 is material two or layer two for soils >20 cm; M3 represents material in shank trace, a rectangle covering 10-to 45-cm depth by 3-cm wide on a two-dimensional cross section. M3 disappears when injection treated as a point source. § HDPE, high-density polyethylene fi lm; VIF, virtually impermeable fi lm. discing and roller packing, approximately 10 to 45 cm for the fi eld experiment). Th e 45-cm (18-inch) injection depth is typically used for orchard replant soil fumigation.
To enhance fumigant distribution to deeper depths, a diff erent shank design, termed Bussing shank (McKenry et al., 2003) , extends the injection depth to 66 cm (26 inch) with two fumigant orifi ces at 45-and 66-cm depths, respectively. For annual crops, soil fumigants are usually placed at a shallower depth (nominally 10 inches or 25 cm). To further compare the point and rectangle source eff ect, these three injection methods or depths are compared for modeling assessment on CP emissions under bare soil conditions. A schematic diagram was drawn to show the shank layout as either point or rectangle sources (Fig. 1) .
Th e numerical code CHAIN_2D (Simunek and van Genuchten, 1994 ) was used to predict CP emissions. To facilitate numerical simulations, rectangle sources were assumed to possess a dimension of 3 cm in width, a nominal thickness for the shank knives, and 15, 35, or 56 cm in length for the shallow, deep, and Bussing shank injection, respectively. Field observations showed that oftentimes the shank fracture was partially fi lled with very loose soil particles that probably fell in when discing the surface soil. Th ere was no practical method of directly measuring the transport properties of the shank fractures. Th erefore, material in the shank facture or the rectangle source was assigned a set of hydraulic parameters with extremely low retention capacity, and the material was termed M3. A comparison of water retention with the two soil layers (M1 and M2) is shown in Fig. 2 . Water fl ow and heat transfer were also simulated, at the same time, to capture potential convective CP transport with water and temperature eff ect on CP movement in soil and emission into the atmosphere. Heat conduction in the soil was computed using the average surface air temperature and soil thermal properties for a sandy loam. A simulated 24-h soil temperature profi le is shown to illustrate the soil temperature responses to the diurnal air temperature fl uctuation (Fig. 3) . Analytical solutions of Eq.
[2] by Yates (2009) were used to predict CP emissions only for the 45-cm injection scenario by treating the fumigant as either a point or a rectangle source. Model parameters were based on reported values from Gao et al. (2008) and typical CP properties reported in the literature (Table 1) . Soil water content and temperature were held as constants in the analytical solutions.
Results and Discussion
Predicted cumulative CP emissions were comparable to the measured values when rectangle sources were used in the model simulations (Table 2) . Much lower emissions, compared to the fi eld measurements, were predicted when shank injected CP were treated as point sources. Th is result was consistent for all three soil surface conditions (bare soil, HDPE, or VIF). For example, cumulative CP emission from the bare soil was approximately 30% of the applied chemical predicted by the rectangle source method, but the emissions reduced to about 14% when point sources were used in model predictions (Table  2) . Th erefore, it is apparent that shank fractures played a signifi cant role in distributing CP and facilitating emission losses, at least for this particular experimental scenario.
Based on the cumulative emission data, it is also apparent that emission predictions compared well between the analytical solutions from Yates (2009) and numeric simulations using the Chain_2D codes (Simunek and van Genuchten, 1994) , with the same assumed source. Th e analytical solutions were previously validated against a one-dimensional numeric model (Hydrus-1D) but not against two-dimensional applications. Compared to the two-dimensional numerical model, the analytical solutions worked quite well in predicting cumulative CP emissions for both the point and rectangle sources, even though water fl ow and temperature variations were not included. Water fl ow did not aff ect CP emission in this situation because the soil was rather dry at moisture 4% of the fi eld capacity for M1 and 28% for M2 (Gao et al., 2008 ; Table 1), so there was minimal water movement. It is unlikely that the analytical model prediction method would perform well for drip fumigant applications or when irrigation is used to seal the soil surface as the eff ects of water fl ow would be important. Soil temperature also did not impact CP cumulative emissions because the analytical modeling used the average temperature of the diurnal maximum and minimum temperatures as used in the numeric model.
When the soil was covered with HDPE or VIF, CP concentrations at the soil surface were much higher than that when the soil was not covered (Table 3) . At 156 h after injection, predicted concentrations were 619 ng cm −3 under HDPE and 968 ng cm −3 under VIF using the rectangle source method. Th is is attributed to the reduced emission losses when soil is covered with tarp and therefore signifi cant amount of CP remained in the soil and was trapped underneath the tarp. Th e presence of surface tarps has the potential to lead to large emission peaks at tarp removal, which could pose a worker exposure risk. For these simulations, the presence of a VIF or HDPE increases potential exposure concentrations compared to bare soil. Modeling in this case can help estimate the duration that may be needed to keep the tarp in place until degradation has reduced the concentrations to acceptable levels. Modeling may also be used to evaluate techniques for accelerating fumigant degradation, such as surface amendments of highly reactive materials with the fumigants, so as to reduce the tarp cover time.
Th e eff ect of treating the shank injection as either a rectangle source or point source was also depicted by CP gas distributions in the soil (Fig. 4) . At 12 h after injection, the point source assumption showed a relatively less dispersed CP peak than simulating a rectangle source where higher CP gas concentrations were found in the 0-to 35-cm depth under either bare soil or HDPE tarp cover. Th is eff ect was found both directly below a shank pass (or at source location) and halfway between two shank passes (or at the between source location). Based on Eq.
[1], higher concentrations near the soil surface would create larger concentration gradients toward the soil surface, hence higher emissions. Measured CP gas concentrations appeared to match better with predictions using the rectangle source than the point source for both the at-source and between-source locations. Th e concentrations of CP under VIF were not included in the comparison because of missing data in measured CP concentrations. Because of increased path length (to the soil surface) and resident time in the soil, it is conceivable that injecting fumigants to a deeper depth would reduce total and peak emissions and delay the occurrence of peak emissions. However, when shank-injected fumigants function as a rectangle source, with the depth of injection as the bottom and the disrupted surface soil as the top boundary of this imaginary narrow vertical rectangle, the eff ect of deeper injection on reducing total and peak emissions and delaying the occurrence of peak emissions could be less eff ective. Th is is exactly what was predicted with the model simulations when increasing the CP application depth from 25 cm to 45 and 66 cm using either the rectangle source or point source method as the model initial conditions (Fig. 5) . Furthermore, the eff ect of rectangle source on CP emissions becomes more important when injection depth was at deeper depths. Comparing the rectangle source to the point source, cumulative CP emissions were 22% higher for 25 cm injection, and the diff erence increased to 49 and 41% for the 45-cm and Bussing (45 and 66 cm) injection methods, respectively (Table 4) . Th e actual selection of injection depth is usually determined by crop type, for example, shallower for annual crops such as strawberries and tomatoes and deeper for perennials such as vines and trees. Th e modeling results indicate that when deeper shanks are used, it is more important to disrupt and minimize the shank source eff ect so fumigants would not move quickly to the soil surface. Th e eff ect has been considered in the design of the Bussing shank where one or two small metal plates were welded 15 cm above the 45-cm orifi ce for the sole purpose of disrupting the shank fractures (Hanson et al., 2007) . However, after disrupting the fracture, if the fracture contains loose soil material, the transport of fumigant may be more rapid than the undisturbed soil region and may still lead to higher emissions. Clearly, more research is needed to improve application of soil fumigants, reduce emission losses,) and increase understanding of transport in typical production systems.
Conclusions
By comparing with direct fi eld emission measurements, the modeling study clearly showed that shank-injected soil fumigants such as CP behave more like a vertical rectangle source than a point source. Th is is attributed to the creation and persistence of soil fractures and/or disturbed soil generated by the physical passage of shank knives in the soil and slight compaction when the metal knives were pulled across the fi eld. Numerical results also showed that the eff ect of rectangle source on CP emissions was more pronounced for deep injections than shallow injections. Compared to "true" point sources, the eff ect of rectangle sources on fumigant emissions was also exhibited as increased total and peak emissions and accelerated occurrence of peak emissions. Th e modeling study also demonstrated and validated the accuracy of the analytical solutions for predicting cumulative fumigant emissions. 
